Complete control, direct observation and study of molecular super rotors 
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Extremely fast rotating molecules carrying significantly more energy in their rotation than in any 
other degree of freedom are known as "super rotors" . It has been speculated that super rotors may 
exhibit a number of unique and intriguing properties. Theoretical studies showed that ultrafast 
molecular rotation may change the character of molecular scattering from solid surfaces 1 , alter 
molecular trajectories in external fields [2 , make super rotors surprisingly stable against collisions 
[3], and lead to the formation of gas vortices [4 . New ways of molecular cooling 5 and selective 
chemical bond breaking^ by ultrafast spinning have been proposed. Owing to the fundamental 
laws of nature, bringing a large number of molecules to fast, directional and synchronous rotation 
is rather challenging [THTO] . As a result, only indirect evidence of super rotors has been reported 
to date pTHT3] . Here we demonstrate the first controlled creation, direct observation and study of 
molecular super rotors. Using intense laser pulses tailored to produce an "optical centrifuge" |81 1X1] , 
we spin different species, from lighter H2 to heavier O2 and CO2, to ultrafast uni-directional rotation 
with variable angular velocity. We increase the molecular rotational energy by more than two orders 
of magnitude and follow the evolution of super rotors with femtosecond time resolution. This allows 
us to observe the stretching of chemical bonds due to the centrifugal distortion, and the increased 
stability of rotational coherence at high angular momentum. We demonstrate that molecular super 
rotors can be created in dense samples under normal conditions where many-body effects, inter- 
molecular collisions and chemical reactions can be readily explored. Our results shed new light on 
the fundamental correspondence between the classical state of motion and its quantum wave packet 
representation. As virtually all molecules are amenable to laser spinning, we anticipate this work to 
stimulate new studies of molecular dynamics and interactions at previously inaccessible limits. 

PACS numbers: 



Control of molecular rotation has been used for 
steering chemical reactions in gases [14 and at gas- 
surface interfaces [151 [16], foi" imaging individual molec- 
ular orbitals[17j and generating extreme ultraviolet 
radiation[T8l[T9], for deflecting molecular beams [20] and 
separating molecular isotopes [21 . Despite the growing 
list of applications, currently available methods of ex- 
citing molecular rotation exhibit relatively low degree 
of control. Rotational excitation based on collisions 
with vibrationally hot molecules [7 or impulsive exci- 
tation by ultrashort laser pulses [22 is inefficient and 
lacks selectivity with respect to both the final direction 
and speed of molecular rotation. Although sequences of 
pulses have been successfully used for selective [23] - [25] 
and directional [26]-[29] rotational excitation, the range 
of accessible angular velocities has been limited by the 
molecular breakdown in strong laser fields required for 
reaching the states of high angular momentum. 

The appeal of creating such super rotor states by refin- 
ing the degree of rotational control has resulted in a num- 
ber of theoretical proposals [StflO] [30] . in which molecules 
are exposed to longer non-ionizing laser pulses. Key to 
all these proposals is the idea of guiding the molecules 
up the "ladder" of rotational levels "step-by-step" in- 
stead of exerting an indiscriminate ultrashort rotational 
kick. Molecular spinning with an "optical centrifuge", 
suggested by Karczmarek et. al. and implemented in 
this work, is achieved by forcing the molecules to rotate 
together with a rotating polarization of a laser pulse [8] . 
The final speed of rotation is determined by the spectral 



bandwidth of the laser pulse and may exceed 10^^ revolu- 
tions per second. To make O2 molecules rotate primarily 
with this speed in thermal equilibrium, the gas temper- 
ature would have to be risen to above 50,000 Kelvin. 

Since the original proposal [8], an optical centrifuge 
has been implemented by two experimental groups. In 
the pioneering work by Villeneuve et. al, dissocia- 
tion of chlorine molecules exposed to the centrifuge field 
has been attributed to the breaking of the Cl-Cl bond 
which could not withstand the extremely high spinning 
rates [11]. More recently. Yuan et. al. observed rotational 
and translational heating in the ensembles of CO2 and 
N2O molecules and associated it with the collisional re- 
laxation of the centrifuged species [121 [13]. ^^ both cases, 
an incoherent secondary process (i.e. dissociation and 
multiple collisions) has been used for indirect identifica- 
tion of the formation of super rotors whose most unique 
property - their synchronous uni-directional rotation, re- 
mained hidden. In this work, we control the direction and 
final speed of molecular rotation and employ a coherent 
detection technique to probe it directly. We follow the 
molecules as they spin up inside the centrifuge and, after 
the molecules are released from the centrifuge, analyze 
their free evolution in unprecedented range of rotational 
angular momentum, J < 300 for CO2 and J < 100 for 
O2. High spectral resolution of our detection enables 
us to reveal the relatively narrow width of the created 
rotational distribution indicating high selectivity of cen- 
trifuge spinning. 

Following the recipe of Karczmarek et. al. [8 , we ere- 
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FIG. 1: a, Illustration of an optical centrifuge field propagating in the direction k. The vector of linear polarization E undergoes 
an accelerated rotation, completing about 125 turns during a 50 ps centrifuge pulse and reaching frequencies on the order of 10^^ 
Hz (for clarity, much lower angular acceleration is shown in the picture above). A laser-induced dipole force keeps the molecules 
aligned with E, accelerating them to the ultra high rotational velocities of a "super rotor". The centrifuge is truncated at time 
ttr in order to terminate the acceleration and release the molecules with a well defined final angular frequency Q. Experimentally 
measured frequency spectra of the centrifuge pulse before and after truncation are shown in panel b by dashed and solid red 
lines, respectively. To create the centrifuge, we split an ultrashort laser pulse at the center of its spectrum (horizontal grey line) 
with a home built pulse shaper. The shaper is used to chirp the two spectral parts, sweeping their instantaneous frequencies 
in opposite directions, as confirmed by the experimentally recorded time- frequency spectrograms shown in panel c (tilted red 
traces) . Rotating the polarization plane of a centrifuge is achieved by polarizing the two spectral components with an opposite 
sense of circular polarization (red circles). The instantaneous frequency difference, 2Q(t), between the left and right circularly 
polarized components grows in time, resulting in a gradual increase of the centrifuge angular frequency Q(t). d. Coherent 
Raman scattering is employed to determine the speed and direction of molecular rotation. Weak probe pulses (blue lines) 
of circular polarization (blue circle) are scattered off the centrifuge-induced rotational coherence between the quantum states 
separated by A J = ±2. The magnitude of the Raman frequency shift equals twice the rotation frequency, while its sign reflects 
the direction of molecular rotation, e, Experimental set up. Centrifuge pulses (red) are combined with a probe beam (blue) on 
a dichroic beamsplitter (DB) and focused into a windowless gas cell by a 1 m- focal length lens (L) to a beam diameter of 120 
/xm (full width at half maximum). Control of the spinning direction is executed by a quarter- wave plate (QWP). Probe pulses 
are polarized with a circular polarizer (CP), delayed with a delay line (DL), filtered out with a second dichroic beamsplitter 
and a circular analyzer (CA). Probe spectrum is recorded with a 0.6 nm-resolution spectrometer. 



ate an optical centrifuge by generating a linearly polar- 
ized field with the polarization plane rotating along the 
propagation axis as illustrated in Fig{T^. Accurate ex- 
perimental characterization of the centrifuge field shows 
that the centrifuge angular frequency gradually increases 
from to 10 THz in the course of about 100 ps (FigjTp,c). 
Truncating the centrifuge at a predetermined time ttr en- 
ables us to set the final speed of molecular rotation Vt. 

The centrifuge pulse is focused into a windowless gas 
cell with a constant flow of various gases at room temper- 
ature and atmospheric pressure (Fig life). Special care is 
taken to avoid ionization and plasma breakdown by lim- 
iting the peak intensity of the excitation field to below 
5 X 10^^ W/cm^. Increasing the excitation strength above 
this limit resulted in strong ionization and disappearance 
of super rotors. Key to this work is the use of coher- 
ent Raman scattering of probe light from the rotating 



molecules. Quantum mechanically, synchronous molecu- 
lar rotation corresponds to a superposition of a few rota- 
tional quantum states - a "rotational wave packet" , with 
an average frequency separation matching the frequency 
of the classical rotation. Owing to the wave packet 
coherence, the probe spectrum acquires two frequency 
sidebands, known as Stokes and ant i- Stokes components 
shifted down and up from the central probe frequency, re- 
spectively (Figjljd). The frequency shift, which can also 
be viewed as a result of the rotational Doppler effect [2^, 
equals twice the rotation frequency of the molecules and 
can therefore serve as an unambiguous quantitative mea- 
sure of molecular spinning. 

In Figure |2] a we show the spectrum of linearly po- 
larized probe pulses passing the centrifuged volume of 
ambient air. The appearance of both Stokes and anti- 
Stokes sidebands at 401 and 393 nm, respectively, indi- 
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FIG. 2: Raman spectrum of a centrifuged volume of ambient air with linearly (a) and circularly (b) polarized probe pulses 
arriving 36 ps after the leading edge of the centrifuge pulse. The spectrum, initially comprised of a single narrow peak at 397 nm 
(grey line), develops two sidebands indicating coherent Stokes and anti-Stokes scattering from the rotating molecules. In plot 
b, circular polarization of the two Raman sidebands (dashed circles) is opposite to probe polarization (solid circles). Whether 
the frequency shift is negative (right cyan sideband) or positive (left purple sideband) depends on the relative handedness 
of probe polarization and centrifuge-induced molecular rotation. Time-dependent Raman shifts from the centrifuged oxygen 
molecules are shown in panels c and d for the case of clockwise and counter-clockwise centrifuge spinning, respectively, and a 
fixed counter-clockwise probe polarization. As the molecules spend longer time in the centrifuge, the observed Raman frequency 
shift increases, providing a direct evidence of accelerated molecular rotation in one well defined direction. From the frequency 
shift we extract the rotational quantum number J indicated by white labeled dots. Remarkably, by the end of a 100 ps centrifuge 
pulse O2 super rotors reach rotational levels as high as J ^ 100. On both plots, we note a few additional features with much 
smaller and time independent Raman shifts, which are attributed to the complex molecular behavior inside the centrifuge. 



cates coherent molecular rotation. For a circularly polar- 
ized probe, however, only one sideband is allowed by the 
law of conservation of angular momentum. In this case, 
the sign of the frequency shift is dictated by the rela- 
tive direction of the molecular rotation and probe elec- 
tric field. Stokes peak indicates molecular rotation in the 
same direction as probe polarization, whereas molecular 
rotation of the opposite sense results in anti-Stokes fre- 
quency shifting. As demonstrated in FigJ2]b, making the 
probe polarization circular indeed leaves only one side- 
band in the recorded spectra, confirming the anticipated 
directionality of molecular rotation. 

Delaying the arrival time of probe pulses with respect 
to the beginning of the centrifuge results in the grow- 
ing frequency shift of the Raman line, in agreement with 
the expected increase of the induced spinning rate. In 
Figure |2] c,d, the rotational Raman shift in oxygen is 
plotted as a function of time a molecule spent in the cen- 
trifuge. The two plots correspond to two opposite senses 
of the centrifuge rotation and demonstrate the successful 
molecular spinning in both directions. Conversion of the 
detected Raman shift to the rotational quantum number 
J of O2 is shown with white labeled dots. One can see 
that the centrifuge is indeed capable of creating molecu- 



lar super rotors by accessing an amazingly broad range 
of final angular momenta (J > 100), more than an order 
of magnitude above the peak of the room-temperature 
distribution at J = 8. From the observed Raman spec- 
trum, we can evaluate the relatively narrow width of the 
excited rotational wave packet, A J ^ 7. This important 
feature of a super rotor state offers a unique opportunity 
to study the rotation of a quantum object at its classical 
limit, when the quantization of rotational energy is not 
apparent on the time scale of one rotational period. 

One may wonder as to why does the Raman signal dis- 
appear at the end of the centrifuge pulse at around 100 
ps (FigJ2]c,d). After all, the molecules should not stop 
spinning when they escape the centrifuge. Neither should 
oxygen dissociate before reaching much higher rotational 
states estimated at J ^ 230. We attribute the loss of 
the signal to the leakage of molecules from the weaken- 
ing centrifuge at the end of the spinning process. Be- 
cause of such uncontrolled leakage, molecules start their 
free rotation with a large spread of initial phases, lower- 
ing the total rotational coherence of the ensemble and, 
therefore, the amplitude of coherent Raman response. To 
control both the speed and the phase spread of molecu- 
lar rotation, we truncate the centrifuge pulse and release 
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FIG. 3: a,b Selective centrifuge spinning of oxygen to J = 80 and J = 30, respectively. Raman frequency shift is measured as 
a function of time for an optical centrifuge truncated at t = 64 ps (a) and t = 24 ps (b). Until the time of release, molecular 
rotation follows the angular frequency of the centrifuge, which is determined (with no fitting parameters) from the experimental 
time-frequency spectrograms described in Fig[l]and shown here with dashed tilted lines. A horizontal Raman trace originating 
at the end of the centrifuge pulse indicates free rotation of molecular super rotors with a well defined ultra high angular 
momentum. For comparison, dashed horizontal lines mark the most populated rotational state of O2 at room temperature, 
J = 8. It is evident from plots a and b that the decay of coherent molecular rotation is slower for molecules spinning with 
higher angular momentum. This notable result is summarized in plot c, where we show the averaged (over 50 ps) Raman signal 
as a function of the time elapsed since the release from the centrifuge. Zooming in the time window between 230 and 260 
ps reveals periodic oscillations shown in panels d-f and representative of the coherent dynamics of rotational quantum wave 
packets. The oscillation period depends on the molecular moment of inertia and hence the distance between the two oxygen 
nuclei. Fourier analysis of the observed oscillations enables us to examine the bond length of a molecule as a function of its 
angular momentum (panel g). We find that the centrifugal force stretches the chemical bond to 1.22 A, 1.25 Aand 1.29 Afor 
J = 30, 50 and 80, respectively, or up to 10% from its equilibrium value indicated by black diamond. Theoretical predictions 
based on a simple model described by the rotating Morse potential are plotted with dashed line. The apparent disagreement 
calls for a refined analysis of molecular potentials at such high levels of angular momenta. 



the molecules before the laser field becomes too weak to 
trap them. As shown in FigJ3J molecules released in a 
controlled way keep generating coherent Raman signal, 
which confirms their free super rotation. The data in 
panels a and b correspond to the truncated centrifuge 
which spun O2 molecules from around J = 8 to J ~ 80 
and J ~ 30, respectively. 

We note that the strength of coherent Raman scatter- 
ing decays on the scale of a few hundred picoseconds, 
comparable with the average time between collisions es- 
timated at ^ 150 ps. This suggests an extremely fragile 
nature of coherent rotational wave packets, in sharp con- 
trast to the previously observed long life time of incoher- 
ent rotational excitation. Even though the molecules may 



not lose their rotational energy easily, the phase of their 
rotation is scrambled rather quickly. For the first time, 
we observe the anticipated increase of rotational stabil- 
ity with increasing angular momentum, evident from the 
slower decay of rotational coherence at higher spinning 
rates of a super rotor, as shown in Figure [3] c. 

We also notice a fine structure in the dynamics of the 
freely rotating centrifuged molecules. Zooming in with 
higher time resolution reveals periodic oscillations of the 
induced rotational wave packet, shown in Figure [3] d-f for 
three different values of the angular momentum. Periodic 
structure is the distinctive signature of a discrete energy 
spectrum of a quantum rotator. The oscillation period T 
depends on the reduced mass of a molecule, /i, and the 
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FIG. 4: Centrifuge spinning of CO2 and H2 molecules. Owing to a much bigger moment of inertia than oxygen, carbon dioxide 
can be spun to much higher rotational states. In a and b, super rotor wave packets centered at J ^ 275 and J ^ 150, 
respectively, are generated with truncated centrifuge pulses and their field free periodic dynamics are followed in time. Dashed 
rectangles emphasize the complexity of the centrifuge process by highlighting unexpected periodic signals from molecules leaking 
through a "hole" in an imperfect centrifuge either high up the rotational "ladder" (left) or close to its lower end (right). The 
result of applying an optical centrifuge to molecular hydrogen is shown in panel c. As anticipated, continuous centrifuge 
spinning translates here into a series of discrete steps between largely separated rotational levels of much lighter H2 molecule. 
Bridging the gap to higher rotational states, J > 4, would require much broader laser bandwidth. As in Fig|3] dashed lines 
represent experimentally determined angular frequency of the centrifuge, and the most populated rotational level at room 
temperature. 



distance between the two atoms i? as T = -^fiR^ where 
h is the reduced Planck constant. Under normal condi- 
tions, oxygen nuclei inside O2 are separated by 1.21 A. 
However, fast molecular rotation pulls the atoms apart. 
The effect of lengthening the molecular bond, known as 
the centrifugal distortion, slows down the free rotation 
and increases the oscillation period. The ability to ac- 
curately measure rotational bond stretching for a broad 
range of rotational states offers a new opportunity to 
study complex molecular motion in the limit of ultra- fast 
rotation. In panel g of Fig|3J we compare the experimen- 
tally retrieved inter-nuclear distances for J=30, 50 and 
80 with a simple model of a rotating Morse oscillator, 
which clearly fails to describe molecular bond stretching 
at this limit. 

Because it is based on a non-resonant molecular polar- 
izability, the method of controlled centrifuge spinning can 
be applied to virtually any molecular species. In addi- 
tion to O2 , we have successfully produced and observed 
N2 and CO2 super rotors. Coherent uni-directional rota- 
tion of carbon dioxide excited io J ^ 275 and J ^ 150 
is presented in Figure [4] a and b, respectively. The fig- 
ure also illustrates the complexity of the laser induced 
dynamics, identified by the appearance of coherent oscil- 
latory Raman response at lower J values. Applying the 
centrifuge to much lighter molecules demonstrates the 
quantum limit of the technique, which is reached when 
the spectral bandwidth of the laser pulse becomes compa- 
rable to the frequency separation of the rotational quan- 
tum states. Figure |4]c illustrates this limitation for the 
case of H2 molecules. Instead of a continuous rotational 



acceleration, our centrifuge executes only two discrete 
steps corresponding toJ = 0^J = 2 transition in 
parahydrogen and J = 1 ^ J = 3 transition in orthohy- 
drogen. 

Control of molecular rotation in extremely broad range 
of angular frequencies reported in this work paves the 
way for a new exploration of fundamental physics and 
chemistry at previously inaccessible limits. Centrifugal 
bond stretching and slow rotational de-phasing at ul- 
tra high angular momenta, demonstrated here, are only 
two examples of the utility of controlled molecular spin- 
ning. Exciting new tests of kinematic, electrical, mag- 
netic, acoustic, optical and reactive properties of molec- 
ular super rotors are within reach. 
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